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Available online 24 June 2013Abstract The subventricular zone (SVZ) is the principal neurogenic niche present in the adult non-human mammalian brain.
Neurons generated in the SVZ migrate along the rostral migratory stream to reach the olfactory bulb. Brain injuries stimulate
SVZ neurogenesis and direct migration of new progenitors to the sites of injury. To date, cortical injury-induced adult SVZ
neurogenesis in mice remains ambiguous and migration of neural progenitors to the site of injury has not been studied in detail.
Here we report that aspiration lesion in the motor cortex induces a transient, but significant increase in the proliferation as
well as neurogenesis in the SVZ. New neural progenitors migrate ectopically to the injured area with the assistance of blood
vessels and reactive astrocytes. The SVZ origin of these progenitors was further confirmed using lentiviral transduction. In
addition, we show that astrocyte-assisted ectopic migration is regulated by CXCR4/SDF-1 signaling pathway. Finally, upon
reaching the lesion area, these progenitors differentiate mainly into glial cells and, to a lesser extent, mature neurons. These
data provide a detailed account of the changes occurring in the SVZ and the cortex following lesion, and indicate the potential
of the endogenous neural progenitors in cortical repair.
© 2013 Elsevier B.V. All rights reserved.Introduction
Loss of cortical neurons is characteristic of many pathological
conditions such as stroke, trauma and neurodegeneration.
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http://dx.doi.org/10.1016/j.scr.2013.06.006following cortical damage: cell transplantation (Gaillard et
al., 1998, 2007; Gaillard and Jaber, 2007, 2008) and recruit-
ment of endogenous neural precursors (reviewed in Saha et
al., 2012).
In the adult rodent brain, neurogenesis continues in two
regions, the subventricular zone (SVZ) lining the lateral
ventricle and the subgranular zone of the hippocampus
(Altman and Das, 1965; Doetsch et al., 1997; Gage et al.,
1998). New neurons generated in the SVZ migrate along a
well-defined pathway, the rostral migratory stream (RMS),
to reach the olfactory bulb (OB) and differentiate into
966 B. Saha et al.granule and periglomerular cells and integrate into the
existing circuitry (Luskin, 1993; Lois and Alvarez-Buylla,
1994).
The discovery of adult neurogenesis and neuronal migration
has generated great interest in the field of cell replacement
therapy following neuronal loss. In several pathophysiological
conditions, the proliferative capacity of the SVZ is altered
(reviewed in Saha et al., 2012). For instance, in animal
models of cerebral ischemia and Huntington's disease, the SVZ
proliferation is increased significantly (Arvidsson et al., 2002;
Decressac et al., 2010), whereas it is reduced in Parkinson's
disease and Alzheimer's disease (Hoglinger et al., 2004;
Rodriguez et al., 2009). In different cortical injury models,
however, conflicting reports on SVZ proliferation have created
confusion in the understanding of lesion-induced proliferation.
While in controlled cortical impact (Ramaswamy et al., 2005),
fluid-percussion injury (Chirumamilla et al., 2002; Chen et al.,
2003) and focal acute injury (Blizzard et al., 2011), a significant
increase in the SVZ progenitor proliferation has been observed,
no significant change was reported with the aspiration lesion
model (Dizon et al., 2006).
Besides inducing proliferation, brain diseases and injuries
also induce migration of neural progenitors to the sites of
injury (Arvidsson et al., 2002; Ramaswamy et al., 2005;
Sundholm-Peters et al., 2005; Faiz et al., 2008). In cerebral
ischemia, blood vessels were reported to guide ectopic
neural progenitor migration (Thored et al., 2007; Kojima et
al., 2010). However, the mechanisms underlying the ectopic
migration of the neural progenitors in response to cortical
lesion are still largely unknown.
Here, we studied changes taking place in the forebrain
following motor cortical lesion in adult mice. We showed
that aspiration lesion in the motor cortex induces a
transient, but significant increase in the proliferation as
well as neurogenesis in the SVZ. We analyzed lesion-induced
changes in the cortical microenvironment and their role in
the ectopic migration of new neural progenitors and
demonstrated, for the first time, that both re-organized
blood vessels and reactive astrocytes form scaffolds to assist
migration. GFP-expressing lentiviral transduction in the SVZ
confirmed that these neurons are indeed originating in the
SVZ. Finally, we report that neural progenitors migrating to
the lesion area differentiate into glial cells and also into
mature neurons, although to a much lesser extent.Material and methods
Cortical lesion
For all experiments, adult (4–6 month-old, females and males)
C57BL/6 mice were used. Housing of the animals and all animal
experimental procedures were carried out according to the
guidelines of the French Agriculture and Forestry Ministry
(decree 87849) and of the European Communities Council
Directive (86/609/EEC). All efforts were made to reduce the
number of animals used and their suffering.
Mice were anesthetized with avertin (250 mg/kg of body
weight), placed in a stereotaxic apparatus and the left
motor cortex was aspirated from approximately 0.5 to
2.5 mm rostral to the Bregma and from 0.5 to 2.5 mm
lateral to the midline using a fire-polished pipette, with thecorpus callosum left intact. After lesion, the skin was
stapled and the mice were kept for recovery.
Lentivirus injection
A custom-made GFP-expressing lentivirus [under phosphoglyc-
erate kinase (PGK) promoter] was prepared as described
before (Consiglio et al., 2004; Grubb et al., 2008) to transduce
SVZ/RMS progenitors. For stereotactic injections, mice were
anesthetized three days after lesion and approximately 1.5 μl
of solution containing the virus (2 × 1010 U/ml) was injected
near the head of SVZ (anteroposterior +0.4 mm from Bregma,
mediolateral 1.08 mm and dorsoventral 1.8 mm) using a
picoinjector (Picospritzer III, Parker) using the following
parameters: pressure 8 psi, time: 4.0 s. Mice were sacrificed
either 8 days or 21 days following injection.
BrdU injections
For proliferation studies, mice were injected with a single
BrdU dose (50 mg/kg body weight, in 0.9% NaCl solution)
4 h before perfusion. For differentiation studies, long-term
BrdU assay was performed at a similar dose twice daily for
3 days (at day 6, day 7 and day 8 after lesion) and mice were
sacrificed 30 days after last injection.
AMD3100 injection
SDF1/CXCR4 signaling was blocked in lesioned mice using
AMD3100, a specific CXCR4 blocker. Following cortical
lesion, animals were injected with 1.25 mg/kg AMD3100
(Sigma) subcutaneously twice per day (with an interval of
6 h between two injections) for seven days as described in
Rubin et al. (2003). After the final injection, mice were
perfused and brains were harvested and processed for
immunostaining.
Brain harvesting
Mice were injected with a lethal dose of avertin and
transcardially perfused with 50 ml of saline (0.9%), followed
by 200 ml ice-cold paraformaldehyde (PFA, 4%) in 0.1 M
phosphate buffer (PB). Brains were removed and kept
overnight in 30% sucrose solution for cryoprotection. 40 μm
tissue sections (coronal and parasagittal) were cut with a
freezing microtome (RM2145, Leica) for antibody staining.
For proliferation studies, lesioned mice were perfused 1, 2,
3, 5, 7, 9, 12, 15, 30 and 60 days after lesion.
Immunohistochemistry
Free-floating sections were washed in Tris-buffered saline
(TBS, 0.05 M, pH 7.6) and blocking was done at room
temperature (RT) for 1 h in TBS containing 3% bovine
serum albumin (Sigma) and 0.3%Triton X-100. Primary
antibodies, diluted in blocking solution, were applied
overnight at 4 °C. Secondary antibodies were applied for
1 h at RT. The following antibodies were used in this study:
goat anti-Doublecortin (1:300, Santacruz Biotech.), mouse
anti-PSA-NCAM (IgM, 1:500, AbCys), rat anti-CD31 (1:250, BD
967SVZ proliferation and migration following lesionPharmingen), rabbit anti-GFAP (1:500, DakoCytomation), rat
anti-BrdU (1:200, ABD Serotec), rabbit anti-CXCR4 (1:200,
Chemicon), goat anti-SDF-1 (1:50, Santacruz Biotech.),
mouse anti-NeuN (1:500, Millipore), sheep anti-MBP (1:300,
Chemicon), Chicken anti-GFP (1:1000, Chemicon), rabbit
anti-Olig2 (1:500, Chemicon), mouse anti-reelin (1:1000,
kind gift from A. Goffinet), and ToPro-3 (1:1000, Molecular
probes).
Data acquisition and statistical analysis
Sections were selected and photographed with an epi-
fluorescence microscope (AxioImager.M2, Zeiss). Colocal-
ization studies were carried out using confocal microscopy
(FV1000; Olympus). All results are expressed as mean ± SD.
Comparisons between each group with the control mice
were performed by using two-tailed student's t test and the
level of statistical significance was set at P b 0.05.
Results
Cortical lesion enhances cell proliferation in the
subventricular zone
To study the effect of cortical lesion on SVZ cell prolifera-
tion, a single injection of BrdU was administered 4 h before
sacrificing the mice at different days (1,2,3,5,7,9,12,15,30
and 60 days) following cortical lesion (n = 6 at each timeFigure 1 Cortical lesion stimulates SVZ cell proliferation and neur
mice (A), and mice 7 (B), 30 (C) or 60 days (D) after cortical lesion.
times after lesion. (F,G) Double-immunofluorescence confocal micro
(F) and 7 days after cortical lesion (G). (H) Quantification of Dcx+/
cortical lesion. LV: lateral ventricle, St: striatum. Scale bars: (A–D,point). BrdU+ cells were counted in sections spanning from
anteroposterior +1.18 mm to +0.02 mm relative to Bregma.
Cortical lesion induced a significant increase in the number
of BrdU+ cells in the SVZ of lesioned animals compared
to non-lesioned control (Figs. 1A–E). This was observed both
in ipsilateral and contralateral hemispheres (at day 3,
control: 115.66 ± 7.38 mean ± SD; ipsilateral: 159.15 ± 9.65
and contralateral 141.7 ± 13.62; P b 0.05). Proliferation
reached its peak 7 days after lesion (ipsilateral 212.68 ±
12.58; contralateral 177.58 ± 10.66, P b 0.001) and then
gradually decreased (Fig. 1E). Surprisingly, 1 month after
lesion, SVZ proliferation was even lower than in control SVZ,
more prominently in the contralateral hemisphere (ipsilateral
103.72 ± 9.83, P N 0.05; contralateral 80.1 ± 12.79, P b 0.05
Fig. 1E). However, by twomonths after lesion, proliferation of
the SVZ returned to basal levels (ipsilateral 118.88 ± 12.26;
contralateral 103.22 ± 16.09, Fig. 1E). Proliferation in the
ipsilateral hemisphere was significantly higher than contra-
lateral at all time points investigated (P b 0.05), except at
day 60 (P N 0.05). These results indicate that cortical lesion
induces a significant, but transient increase in cell prolifera-
tion at the SVZ level.
We next investigated whether increased cell proliferation
also leads to an increase in the generation of new neural
progenitors. At day 7, when the proliferation was highest,
sections from both control (n = 5) and 7 days lesioned animals
(n = 5) were immunostained with BrdU and Doublecortin (Dcx),
a neural progenitor marker, and the number of BrdU+/Dcx+
cells present in the SVZ was quantified (5 sections/brain fromogenesis. Photomicrographs of BrdU+ cells in the SVZ of control
(E) Quantification of BrdU+ cell number in the SVZ at different
graphs of BrdU (green) and Dcx (red) in the SVZ of control mice
BrdU+ cell number in the SVZ of control mice and 7 days after
F, G) 200 μm, (A–D inset) 90 μm, (F,G inset) 20 μm.
968 B. Saha et al.anteroposterior +1.18 mm to +0.02 mm relative to Bregma).
We observed a significant increase (+58%) in the number of
BrdU+/Dcx+ cells in the SVZ (140 ± 5.29) compared
to unlesioned control mice (88.75 ± 4.06) (P b 0.001)
(Figs. 1F–H). All together, these results demonstrate that
aspiration lesion in the cortex not only leads to an increase in
the SVZ cell proliferation, but also to neurogenesis.Neural progenitors from the SVZ/RMS migrate to the
lesion area
It has been previously shown that in response to brain injury or
degeneration, neural progenitors move out of the SVZ/RMS
and migrate to the affected area (Arvidsson et al., 2002;Figure 2 Ectopic migration of Dcx+ progenitors from the SVZ to t
view of the mouse brain showing the migration of progenitors from t
of Dcx+ cells in the RMS of control animals (B), and after lesion (C). D
(D, arrowhead). Low magnification photomicrograph shows the exten
2 days (G), 7 days (H), 15 days (J) and 30 days (L). High magnifica
different cellular morphology at different stages of migration (I, K, M
the cortex 30 days after lesion (N, O). Percentage of cell at differe
cortex, L = lesion, V = ventricle. Scale Bars: (B, C, F, G, H, J, L, N,Ramaswamy et al., 2005; Sundholm-Peters et al., 2005; Faiz et
al., 2008). However, the migration pattern was not studied in
detail. Here, we analyzed the nature of ectopic migration at
different stages after lesion. We found that although the
majority of the progenitors continued to migrate along the RMS
to the OB after lesion, a large number of Dcx+ cells deviated
from their original path and invaded the corpus callosum and
the cortex adjacent to the cortical lesioned area (Figs. 2A, E
schematic; compare Figs. 2B and C, lesion area shown in 2F). To
evaluate the extent of ectopic cell migration, we quantified
the number of Dcx+ neural progenitors leaving the SVZ/RMS and
entering the corpus callosum and the cortex. For this, we
used 6 sections/brain and quantified the cells at the site
where the cortical lesion was observed (n = 4) at different time
points.he cortical lesion site. Schematics of sagittal (A) and coronal (E)
he SVZ to the lesion area. Parasagittal view of photomicrographs
cx+ cells were seen either in cluster (D, asterisk) or individually
t of lesion (F). Dcx+ immunostaining of ectopic progenitors after
tion confocal micrographs of Dcx+ neural progenitors showing
; boxed area in H, J and L respectively). Dcx+ cell distribution in
nt distances from the lesion (table). CC = corpus callosum, Cx =
O) 200 μm (D, I, K, M), 30 μm.
969SVZ proliferation and migration following lesionTwo days after lesion, 177 ± 16 cells were found tomove out
of the SVZ/RMS, most being in the corpus callosum and a few
started entering the deep cortical layer (Fig. 2G). Supplemen-
tary Figs. S1A–C show details of the soma and leading process of
the migrating progenitors expressing Dcx. By 7 days after the
lesion, as many as 246 ± 29 cells (n = 5) moved out of the RMS.
While several cells were present within the corpus callosum,
many had already invaded the deep cortical layers and a few
could be even detected near the lesioned area (Fig. 2H). Cells
showed typical migrating morphology with the presence of
leading processes (Fig. 2I). After 15 days, neural progenitors
continued to migrate away from the SVZ/RMS (283 ± 62 cells;
n = 5) and many cells were very close to the lesion core
(Fig. 2J). Migrating Dcx+ cells could be found in the deep and
upper cortical layers even 30 days after lesion (159 ± 38)
(Fig. 2L). Dcx+ cells, at different distances from the lesion site
were quantified at this stage and percentage of ectopic
progenitors was calculated (Figs. 2N, O; table). Segments of
100 μMwere drawn starting from the lesion site and mean ± SD
values were measured (at 0–100 μM, 21 ± 6.3; 100–200 μM,
32 ± 9.4; 200–300 μM, 36 ± 7.2; 300–400 μM, 29 ± 7.9; 400–
500 μM, 12.6 ± 3.3). Migrating cells that arrived close to the
lesioned area started to exhibit more mature and complex
morphology with longer extensions and branches (Fig. 2K, at
day15; M, at day 30). Dcx+ progenitors were still found in the
corpus callosum and all through the cortical mantle even
60 days after lesion indicating that the ectopic migration is not
a transient phenomenon (data not shown).
‘Chain’ migration is the hallmark of neural progenitors
present along the RMS (Lois et al., 1996), while in the OB
radially migrating cells remain individualized. Following
cortical lesion, just after they exit from the RMS, some of
the progenitors in the corpus callosum remained in clusters
(Fig. 2D, asterisk) while most of them migrated individually
(arrowheads in Fig. 2D). However, further into the cortex,
these cells always migrated individually and never formed
any ‘chain’ or cluster.Majority of ectopic progenitors migrate along with
blood vessels or glial cells
Next, we aimed to determine the micro-environmental cues
that can possibly guide the ectopic migration of progenitors
from the SVZ to the cortex. Recently, the role of blood
vessels in neural progenitor migration both in the normal and
the ischemic brain was demonstrated (Whitman et al., 2009;
Kojima et al., 2010). In the normal cortex, a complex
network of blood vessels was observed by immunostaining
with an endothelial cell marker CD31 (Fig. 3A). By day 3
after lesion, blood vessels in the lesion area started
reorganizing in parallel and directed to the lesion site
(Fig. 3B). At 7 days post lesion, reorganized vessels were
less reticular compared to control (Fig. 3C). By 30 days,
many long parallel vessels were present around the lesion
area (Fig. 3D). This morphological change appeared to be
persistent as even after 2 months of lesion the parallel
orientations were maintained (data not shown). Such blood
vessel reorganization prompted us to investigate whether it
has any role in guiding cell motility to the lesion area.
Co-immunolabeling of 7 days post lesion brain sections using
CD31 and Dcx revealed that indeed many ectopic progenitorsnavigating to the lesion area were either in contact or
present closely in parallel with blood vessels (Fig. 3E).
Confocal imaging and 3D reconstruction showed that the
progenitors established physical contacts with blood vessels
(Figs. 3F, G). However, after 15 days, progenitors near the
lesion core were no longer associated with blood vessels
(Fig. 3H).
Cortical lesion leads to activation of glial reaction in the
forebrain (reviewed in Chen and Swanson, 2003; Carbonell et
al., 2005). In accordance, we observed a massive up-regulation
of reactive astrocytes soon after lesion (Supplementary Figs. S2
A–D). A large number of ectopic neural progenitors in the
cortex remained closely associated with these GFAP+ reactive
astrocytes 7 days and 15 days post-lesion (Figs. 3I, J). To
quantify the number of ectopic Dcx+ cells either in association
with blood vessels or with astrocytes, we performed triple
immunohistochemistry using Dcx/CD31/GFAP 7 days following
lesion. A higher percentage of Dcx+ cells migrate to the cortex
in association with blood vessels (40.13%) compared to
association with glial cells (24.93%) (n = 6, 6 sections/brain).
Apart from blood vessels and astrocytes association, a
significant number of progenitors (34.94%) were found to
migrate within the cortex without any such association
suggesting that some other factor(s) may possibly be responsi-
ble for migration of these cells (asterisk in Figs. 3K, L). This
indicates that ectopic migration of neural progenitors in
response to lesion is assisted by multiple micro-environmental
cues/factors, among which blood vessels and glial cells seem to
be of high importance.Direct visualization of SVZ-derived ectopic migration
It can be argued that, following cortical lesion, new neurons are
generated within the cortex itself, and are not derived from the
SVZ/RMS. Few reports have indicated that new neurons are
formed in the cortex following layer VI cortico-thalamic neuron
degeneration (Magavi et al., 2000), traumatic brain injury (Rice
et al., 2003), and infrared-laser lesion of the visual cortex (Sirko
et al., 2009). Therefore, to ascertain that the source of these
ectopic neuroblasts is indeed the SVZ/RMS, we injected
lentivirus expressing GFP into the ipsilateral SVZ/RMS of the
lesionedmice (n = 4). Lentiviral constructwas injected on day 3
following lesion, a time whenmany cells start to leave the RMS.
Eight days post injection (dpi) we found most of the
GFP-expressing neural progenitors within the RMS (Fig. 3M),
few in the OB (data not shown) with some cells started leaving
the RMS (inset, Fig. 3M). In the cortex, GFP+ cells with
migratory morphology also expressed Dcx indicating that these
cells were indeed neural progenitors (Fig. 3N, inset). Approx-
imately 18% of the total Dcx+ ectopic cells are GFP+/Dcx+,
while the rest 82% are Dcx+/GFP− progenitors. To eliminate the
possibility of ectopic Dcx+/GFP+ cells in the cortex due to
injection itself, we performed similar lentiviral injection in
unlesioned mice (n = 3). After 7 days of injection, mice were
sacrificed and analyzed for ectopic migration. We could neither
see any GFP+/Dcx+ nor GFP−/Dcx+ progenitors in the cortex
(Fig. 3O). Thus, neural progenitors migrating towards the
lesioned cortex are indeed generated in the SVZ/RMS. In
addition, these ectopic progenitors migrated in association with
either blood vessels (Figs. 3P–R) or astrocytes (Figs. 3S–U),
which confirmed our previous findings.
Figure 3 Changes in cortical microenvironment assist progenitor migration after lesion. CD31 immunostaining of control intact
cortex (A) and lesioned cortex at different times after injury (B–D). Double immunofluorescence confocal micrograph of Dcx (green)
and CD31 (red) at day 7 (E–G) and day 15 (H). Similarly, double-immunostaining of astrocytes (blue) and neural progenitors (green)
after 7 days of lesion (I, J). (K, L asterisk) Migration of progenitors (green) without any association. GFP immunostaining of brain
sections 8 days after lentivirus injection (dpi) into the SVZ/RMS (M). In the cortex, GFP+ cells (green) co-express Dcx (red) (boxed in
N). GFP+ cells remain within the RMS in control brains (O). GFP+ progenitors also showed association with either blood vessels (P–R)
or astrocytes (S–U). Scale bars: (A–D) 250 μm, (E, H) 50 μm, (F, G) 16 μm, (I, J, P–U) 20 μm, (K, L) 30 μm, (N) 80 μm, (N inset)
40 μm, (M, O) 100 μm, (M inset) 50 μm.
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the lesion area
The role of the chemokine SDF-1 and its receptor CXCR4 is well
established in neuronal migration in the developing brain
(Stumm and Hollt, 2007) as well as in pathological conditions
(Imitola et al., 2004). We observed an intense staining of
secreted SDF-1 around the lesion area within 1 day afterlesion, but not in the control cortex (Figs. 4A, B). This strong
staining remained for 1 week after lesion and then decreased
gradually (data not shown). No detectable expression was
observed in the contralateral hemisphere. Similarly, expres-
sion of CXCR4, receptor of SDF-1, was also increased
transiently in the ipsilateral cortex following lesion (compare
Figs. 4C and D). An intense expression was observed within
1 day after lesion, which was even higher after 3 days.
971SVZ proliferation and migration following lesionAt a cellular level, both SDF-1 and CXCR4 were expressed
by reactive astrocytes present in the lesioned cortex.
Punctate staining of secreted SDF-1 was found around the
cell surface while CXCR4 was expressed strongly in the
astrocyte cell body (Figs. 4E, F respectively). Interestingly,
many cells near the lesion site with an upregulated Reelin
expression, also co-expressed CXCR4 (Fig. 4G). We also
observed few mature neurons near the lesion area co-
expressing CXCR4 (Figs. 4H–H″). In the RMS, CXCR4 was
expressed by Dcx+ neural progenitors (Fig. 4I). This was also
the case for cells leaving the RMS following cortical lesion
(Fig. 4J). However, later during migration, CXCR4 expression
was down regulated in the progenitors (data not shown).Figure 4 Expression pattern of SDF-1 and its receptor CXCR4 in th
the control mice (A) and 3 days after lesion (B). Photomicrograph o
lesion core (D). Confocal micrographs of double-immunostained sec
CXCR4 (green) (F). Near the lesion, CXCR4 was co-expressed with Ree
Dcx (red) and CXCR4 (green) in the progenitors in the RMS (I) and
association following administration of CXCR4-blocker AMD3100 (K).Thus, the SDF-1/CXCR4 signaling participates to the neuronal
migration guidance from the SVZ/RMS to the lesioned site.Blockade of CXCR4 alters neural progenitor migra-
tion patterns to the lesion site
In order to better determine the role of CXCR4/SDF-1 signaling
pathway in neural progenitor migration, we injected subcuta-
neously AMD3100, a non-peptide antagonist of CXCR4 that
inhibits CXCR4 binding to SDF-1, twice daily for 7 days following
cortical lesion. Triple immunostaining using Dcx/GFAP/CD31
was performed on sections from both AMD3100-treated ande cortex after lesion. SDF-1 expression pattern in the cortex of
f CXCR4 expression in the non-lesioned cortex (C) and near the
tions with GFAP (red) and SDF-1 (Green) (E) and GFAP (red) and
lin (G) and some NeuN+ cells (H–H″). Double-immunostaining of
after exiting the RMS (J). Quantification of changes in the cell
Scale Bars: (A–D) 125 μm, (E–G, I) 50 μm, (H–H″) 20 μm.
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progenitor migration. The percentage of neural progenitors
migrating in close association with either blood vessels or
astrocytes or with no association was compared between
lesioned + AMD3100 administered animals and lesion-only
animals (control). There was no difference in the proportion
of cells migrating in association with blood vessels in the
AMD3100 treated mice (39.22%) compared to lesion-only
(40.13%) (Fig. 4K, P N 0.05). In contrast, the proportion of
cells migrating along with astrocytes was significantly lower in
AMD3100 treated mice (15.58%) compared to control (24.93%)
(P b 0.05). Concomitantly, the proportion of cells migrating
without any association was found to be increased significantly
in AMD3100 treatedmice (45.11%) compared to control (34.94%)
(P b 0.05). This suggests that CXCR4/SDF-1 signaling pathways
regulate the ectopic migration of progenitors that are associ-
ated with astrocytes. However, blocking of CXCR4/SDF1
signaling by AMD3100 treatment did not reduce the total
number of ectopic progenitors (Lesion only: 153 cells/brain and
AMD3100 treated: 144 cells/brain, n = 5).
Proliferating cells differentiate into mature neurons
and glial cells
Effective repair mechanism after cortical damage requires
maturation of neural progenitors to replace injured neurons.
To determine the fate of proliferating cells after motor
cortex lesion, we undertook two different approaches:A) A long-term BrdU assay where 6 injections (2 injec-
tions on day 6, day 7 and day 8 after lesion) of BrdU
were performed into lesioned mice (n = 6) that were
sacrificed 30 days later. Most of the BrdU+ cells were
present around the lesion core, densely populated
with GFAP+ astrocytes forming a glial scar (Fig. 5A).
Many of these astrocytes co-expressed BrdU suggesting
that these cells were generated after lesion (Figs. 5B–
B″). In the ipsilateral cortex a significant number of
BrdU+ cells differentiated into Olig2+ oligodendro-
cytes (Figs. 5C, D–D″). To analyze whether new
mature neurons were also formed following lesion,
we performed double immunostaining for NeuN (ma-
ture neuron marker) and BrdU. We found that few
BrdU+ cells were also NeuN+ (Figs. 5E–E″, F). Indeed,
an average of 5 ± 1.5 BrDU+/NeuN+ neurons from 6
sections spanning the lesion (n = 4) were observed,
which amounts to only 2% of the average number of
migrating (Dcx+) cells (~216, counted from day 2, 7,
15 and 30 lesion brains) indicating that only a few
mature neurons are formed following lesion.
B) Cortical lesion induces massive glial proliferation in
the cortex (Supplementary Figs. S2 A–D) and a previous
study indicated possible injury induced neuronal differ-
entiation as well in the cortex (Magavi et al., 2000).
Therefore, many BrDU+ cells observed near the lesion
after 30 days may be glial cells/neurons generated in
the cortex. To ascertain that some of these cells possibly
originated from the SVZ, we performed GFP expressing
lentiviral injections within the SVZ and found GFP+/Dcx+
migrating progenitors penetrating into the cortex
(discussed in Section 3.4). To study the fate of theseectopic cells in the cortex, mice (n = 4) were sacrificed
threeweeks after lentiviral injection. Occasional GFP+/
NeuN+ mature neurons were observed (Figs. 5H, I–I),
which confirmed that migrating immature progenitors
have indeed the capacity to form mature neurons in
the cortex. In addition, GFP+ long neuronal processes
were present near the lesioned core (Figs. 5G, G′).
GFP+/GFAP+ astrocytes (Figs. 5J, K–K″) and GFP+/
MBP+ mature oligodendrocytes (Figs. 5L, M–M″) were
also found within the cortical mantle. To avoid any
possible misrepresentation of GFP+/NeuN+ mature
neurons due to the diffusion of virus from the site
of injection, only cells far away from the site of
injection were considered positive. Thus, new cells
generated in the SVZ/RMS in response to the aspira-
tion lesion can migrate to the lesioned area and
differentiate into glial cells and also sparingly into
mature neurons.Discussion
This study describes several major physiological changes
that take place in the forebrain following aspiration lesion in
the adult motor cortex. First, a transient, but significant
increase in the progenitor cell proliferation in the SVZ was
observed in both hemispheres with a concomitant increase
in the neural progenitor cell population. Second, a large
number of progenitors migrated out of the RMS to the site
of cortical lesion. This migration was not transient and
persisted for at least 2 months following lesion. Third,
blood vessels and astrocytes were an integral part of this
migratory process as both assisted progenitors to reach the
lesion site. Fourth, astrocyte-associated migration is partly
regulated by SDF-1/CXCR4 signaling pathway. Finally, many
of the newly generated cells differentiated into astrocytes
and oligodendrocytes. Interestingly, few also differentiated
into mature neurons. Injection of GFP-expressing lentivirus
unambiguously demonstrated that the SVZ is indeed the
source of these neurons migrating ectopically to the cortex.
Cortical lesion stimulates SVZ cell proliferation
Previous reports on SVZ cell proliferation following cortical
lesion are limited and often contradictory. Several previous
studies using different lesion models (for example, fluid-
percussion Injury, controlled cortical impact and focal acute
injury) demonstrated that cell proliferation within the SVZ is
increased following cortical lesion (Chirumamilla et al., 2002;
Chen et al., 2003; Ramaswamy et al., 2005; Blizzard et al.,
2011). On the contrary, using aspiration lesion in mice, Goings
et al. (2002) reported a biphasic decrease in the number of
BrdU+ cells in the ipsilateral SVZ; this reduction was significant
between 6 h and day 3, and again from day 25 to day 35. This
apparent discrepancy between the different reports might arise
from differences in lesion models. However, using a similar
aspiration lesion model we show that there is a significant
transient increase, rather than a decrease, in cell proliferation
in the SVZ following lesion that peaks at day 7. Thus, our results
are in the line of a lesion-induced augmentation in the SVZ
proliferation and do not support the possibility that discrepan-
cies between previous reports are due to differences in lesion
Figure 5 Proliferating cells in the cortex differentiate into glia and neurons. One month following cortical lesion, overlapping
expression of BrdU (red) and GFAP (green) near the lesion core (A). GFAP+ astrocytes (green) co-expressed BrdU (red) (B–B″) in this
area. Olig2-expressing cells (green) also co-labeled BrdU (red) adjacent to the lesioned cortical areas (C–D″). In the cortex, some
BrdU+ cells (red) expressed mature neuronal marker NeuN (green) (E–E″, F). GFP+ neuronal processes near the lesion core (G, G′).
GFP+ cells also co-labeled with NeuN (red) 21 days after lentiviral injection (H, I–I″). GFAP+/GFP+ astrocytes (J, K–K″) and MBP+/
GFP+ oligodendrocytes (L, M–M″) 21 days after GFP-expressing lentivirus injection. CC = corpus callosum, Cx = cortex, Le = lesion.
Scale bars: (A, C) 150 μm, (B–B″, I–I″) 15 μm, (D–D″) 20 μm, (E–E″, F) 8 μm, (G, G″) 50 μm, (K–K″, M–M″) 20 μm.
973SVZ proliferation and migration following lesionmodels. Moreover, this proliferation increase was also observed
in the contralateral SVZ as reported previously (Chen et al.,
2003; Masuda et al., 2007).Few recent studies have highlighted that changes in the
expression pattern of factors that may control SVZ prolifer-
ation following cortical injury. In rats, aspiration lesion
974 B. Saha et al.enhances expression of basic fibroblast growth factor (bFGF)
in layer VIb neurons (Gómez-Pinilla and Cotman, 1992) and of
epidermal growth factor (EGF) in the SVZ, and near the lesion
area, but no change in the expression of the corresponding
receptors (EGFr, FGFr) was observed (Sundholm-Peters et al.,
2005). Expression of brain-derived neurotrophic factor (BDNF)
is also increased after compact cortical impact injury (Yang et
al., 1996). Sonic hedgehog (Shh) level is transiently increased
in the cortex after cortical freeze injury and leads to
reactive-gliosis (Amankulor et al., 2009).
Ambiguity also exists in the current knowledge on
lesion-induced neurogenesis in the SVZ. A previous report
described an increased expression of PSA-NCAM in the SVZ
25 days after aspiration lesion, raising the possibility of a
delayed neurogenesis (Goings et al., 2002). However, in another
study, 15 days after aspiration lesion, BrdU+/Dcx+ cells
were increased significantly in the SVZ (Sundholm-Peters et
al., 2005). In our study, 7 days after lesion, when the SVZ
proliferation reached its peak, we observed a significant
increase in the number of BrdU+/Dcx+ cells in the SVZ. Our
results clearly indicate an increase in the post-lesion SVZ
neurogenesis, possibly contributing to the cells migrating to the
lesion area.
Neural progenitors emigrate from the SVZ into the
area of cortical injury
Despite amajority of neural progenitors migrating towards the
OB, a large number moved out of the RMS and navigated to the
lesioned area. Ectopic migration started 2 days post-lesion,
indicating a short delay in initiating this process. Although
most of these ectopic cells were initially found either in the
corpus callosum or in the deep layer of cortex, with time they
were distributed throughout the cortical mantle and later
predominantly localized near the lesioned area. This migra-
tion appeared to be persistent since even after 2 months of
lesion, Dcx+ progenitors could still be found in the cortex.
We observed that, unlike in the RMS, ectopic neural
progenitors were predominantly single. Only few cell
clusters were seen in the corpus callosum, but never within
the cortex. PSA-NCAM is necessary for chain migration and
removal of the PSA moiety reduces the compactness of the
chain (Chazal et al., 2000). We observed that the individual
ectopic cells in the cortex expressed low to non-detectable
levels of PSA-NCAM, while the ectopic cell clusters near the
SVZ/RMS, expressed high level of PSA-NCAM (Supplementary
Figs. S1D–F). Downregulation (or absence) of PSA-NCAM in
the neural progenitors may influence their individual
migration towards the injury.
Interaction between migrating neural progenitors
and host
In animal models of cerebral ischemia, new neurons from the
SVZ migrate to the striatum (Arvidsson et al., 2002; Jin et al.,
2003). This ectopic neural progenitor migration is guided by
blood vessels (Thored et al., 2007; Kojima et al., 2010). In
different cortical lesion models where ectopic migration was
also reported, what regulates this process has not been studied
thoroughly (Ramaswamy et al., 2005; Sundholm-Peters et al.,
2005; Faiz et al., 2008). We show here that blood vesselsreorganize directing to the site of injury after lesion and a
significant proportion of the migrating progenitors use them
as ‘railroads’ as they remain closely associated with these
reorganized vessels. Interaction between laminin, an extra-
cellular matrix component, and its receptor α6β1 integrin
(expressed by SVZ neural precursors) may control such
migration, as blocking of α6β1 integrin inhibits association of
neural progenitors with blood vessels (Shen et al., 2008). In
addition, blood vessel-derived BDNF can regulate migration
through interaction with its receptor p75NTR, expressed by
neural progenitors (Snapyan et al., 2009).
In the developing brain, SDF-1/CXCR4 signaling regulates
migration of cerebellar granule cells (Zhu et al., 2009) and
dentate granule cells of the hippocampus (Bagri et al.,
2002). CXCR4 is expressed both in neurons (Bajetto et al.,
1999) and in astrocytes (Ohtani et al., 1998). Moreover,
CXCR4 is expressed by all three major cell types (type A, B
and C) of the SVZ (Kokovay et al., 2010). Here, we have
shown that 25% of ectopic neural progenitors migrate along
reactive astrocytes. High expression of both CXCR4 and
SDF-1 by astrocytes and that of CXCR4 by the progenitors
suggests a role of this signaling mechanism in astrocyte-
assisted migration. Expression of both SDF-1 and CXCR4 by
astrocytes indicates that an autocrine mechanism may
regulate reactive astrocyte migration towards the lesioned
area while a paracrine process, wherein secreted SDF-1 in
the cortex is perceived by CXCR4-expressing progenitors,
possibly regulates their attachment on the astrocyte and
subsequent migration. In traumatic brain injury, a temporal
relation between neural progenitors and SDF-1/CXCR4
expression was studied, where SDF-1 leakage was observed
near the damaged area following injury (Itoh et al., 2009).
CXCR4 expression was increased only in Sox2-positive cells,
but not in GFAP-positive astrocytes. The significance of
such changes of expression on progenitor migration was
not previously explored. In our study, AMD3100-mediated
blocking of SDF-1/CXCR4 signaling along with a significant
reduction in the proportion of astrocyte-assisted migration
substantiates the hypothesis of a possible paracrine interac-
tion. Shh expression is also induced in astrocytes after lesion
(Amankulor et al., 2009) raising the possibility of a potential
synergistic role of Shh and SDF-1 signaling mechanisms
in chemoattraction of neural progenitors. In this study, a
significant number of progenitors migrating without any
association indicates involvement of other yet unidentified
mechanisms regulating this process.
Post lesion, upregulation of Reelin around the lesion core
within 1 day after lesion suggests its involvement in the
initiation of such migration. In demyelination lesion, Reelin
acts as a chemokinetic factor and regulates detachment of
neural precursors from the RMS and their dispersal into the
corpus callosum (Courtès et al., 2011). This may allow other
chemokines to mobilize cells to the affected region.Migrating cells from the SVZ into the area of cortical
injury differentiate into astrocytes, oligodendro-
cytes and mature neurons
Using a long term BrdU assay we show that most of the BrdU+
cells present around the lesion co-express GFAP, many
co-express Olig2 and a few BrdU+ cells express NeuN. Many
975SVZ proliferation and migration following lesionof these cells might have been generated in the cortex
itself in response to lesion. However, using GFP-expressing
lentiviral injection into the SVZ of lesioned animals and the
presence of few NeuN+/GFP+ cells with long processes near
the injury area after 21 days strongly suggests that at least
some of the these progenitors indeed arrived from the SVZ
and differentiated into mature neurons, although in rela-
tively low number. The PGK promoter-driven lentivirus
encoded GFP protein only in a small proportion (18%) of the
ectopic progenitors, which can be a drawback in quan-
titative analysis. However, our aim was to demonstrate
qualitatively that at least some of these ectopic progenitors
are derived from the SVZ. In addition, we could also find
other cell types being labeled by PGK-lentivirus near the
SVZ/RMS, although in a relatively small number (data not
shown). These results are in agreement with previous studies
in a controlled cortical impact (CCI) injury models showing
that most of the progenitors within cortical lesion area
differentiate into mature astrocytes (Kernie et al., 2001),
while mature neurons were found only occasionally (Salman
et al., 2004). Taken together, these results indicate that
the microenvironment of the mature cortex may favor
glial differentiation. This conclusion is further strengthened
by a previous observation where purified SVZ neuronal
precursors, when transplanted into the motor cortex,
predominantly differentiated into oligodendrocytes and
astrocytes (Seidenfaden et al., 2006). This fate switch
may occur possibly at the end of migration when cells
reach their destination and start downregulating the neural
progenitor marker Dcx. However, in demyelination lesion,
glial protein expression by SVZ progenitors indicated that
the immature cells already harbor this switch signal
(Jablonska et al., 2010). Following lesion, changes in the
local environment may also induce the glial fate. We
observed a transient upregulation of Olig2 in the cortex
as also reported by Buffo et al. (2005). Also, transient
upregulation of Shh in the cortex (Amankulor et al., 2009)
may trigger oligodendrocyte differentiation and suppress
neuron formation following lesion.
The origin of newly generated mature neurons in the
cortex following injury is controversial. Few studies indicat-
ed that new neurons are generated in the cortex in response
to degeneration of layer VI cortico-thalamic projection
neurons (Magavi et al., 2000) and following infrared-laser
lesion of the rat visual cortex (Sirko et al., 2009). Our
GFP-encoding lentivirus injection into the SVZ provides
direct evidence that post-injury the SVZ is indeed the source
of some of these ectopic neurons. Thus, we convincingly
demonstrate that the SVZ-derived neural progenitors can
differentiate into mature neurons and can also extend long
processes near the lesion core.
Unlike rodents, SVZ proliferation in human is reduced
drastically with age (Sanai et al., 2011) and only fewprogenitors
originate from the anterior ventral SVZ (Wang et al., 2011). In
addition, neuronal turnover in the OB seems to be minimal
to inexistent (Bergmann et al., 2012). However, there are
evidences of ischemia induced increased neurogenesis in the
SVZ (Macas et al., 2006; Martí-Fàbregas et al., 2010) in human.
Similarly, TBI also increases neurogenesis in human cortex
(Zheng et al., 2011). Therefore, analysis of lesion-induced
changes in experimental mouse model finds relevance with
a possibility of extrapolating these observations in humanconditions to design repair strategies following trauma or in
neurodegenerative diseases.
In conclusion, this study describes extensively the post-
lesion changes in the cortex and in the SVZ. Besides providing
strong evidence of SVZ proliferation and neurogenesis, this
study sheds light on mechanistic aspects of the ectopic
migration of SVZ progenitors. Multiple modes of migration
through the injured cortex point to the involvement of
several other yet unknown mechanisms in addition to SDF-1/
CXCR4 signaling that regulates astrocyte-assisted migration.
GFP transduction in the SVZ provided evidence of SVZ-
derived mature neurons in the injured cortex. These findings
are of importance as they are the first detailed description of
cell proliferation, migration and differentiation following
injury, which constitute a mandatory step in the field of
endogenous brain repair processes.
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